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Abstract
Barrier islands exhibit a range of landforms that reflect the complex and varied combination of

PT

coastal and aeolian processes realized over the evolution of the island. A detailed analysis of the

RI

topography can be used to describe the evolution of a barrier island and provide insight on how it
may be affected by a change in sea level, storm activity and wind exposure patterns.

SC

Topographic anisotropy, or the directional dependence of relief of landforms, can be used to

NU

determine the relative importance of different processes to island evolution at a range of scales.
This short communication describes the use of scale-dependent topographic anisotropy to

MA

characterize the structure of Santa Rosa Island in northwest Florida.

Scale-dependent

topographic relief and asymmetry were assessed from a LiDAR-derived DEM from May 2004, a

TE

D

few months before the island experienced widespread erosion and overwash during Hurricane
Ivan. This application demonstrates how anisotropy can be used to identify unique scale-

AC
CE
P

dependent structures that can be used to interpret the evolution of this barrier island. Results of
this preliminary study further highlight the potential of using topographic anisotropy to controls
on barrier island response and recovery to storms as well as island resiliency with sea level rise
and storm activity.

Keywords: Barrier island, geomorphometry, topographic anisotropy, scale-dependent processes
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Introduction
Transgressive barrier islands are complex landforms that developed through a

PT

combination of coastal and aeolian processes, as they migrated to their current position from

RI

further offshore on the continental shelf. Barrier island transgression through landward migration
or shoreline retreat is accomplished during storms capable of overtopping or breaching the dunes

SC

washing sediment to the backbarrier shoreline in the form of washover fans and terraces (Houser

NU

et al., 2008). For an island to transgress and remain a subaerial landform requires that the island
can move landward and remain above sea level, which is in turn dependent on the ability of the

MA

dunes to recover following storms and moderate washover and inundation (Houser et al., 2017).
Islands tend to be high in elevation (i.e., large continuous dunes) when the biophysical processes

TE

D

driving dune recovery dominate, but when storm erosion is frequent and extensive, islands can
enter a low-elevation state (characterized by small discontinuous dunes) that makes the island

AC
CE
P

susceptible to erosion and washover during relatively mild storm conditions (Duran and Moore,
2013; Houser et al., 2015). Because the overwash threshold is reduced in lower elevation areas,
gaps between larger dunes tend to be reinforced with each storm (Houser and Hamilton, 2009;
Houser, 2012; Weymer et al., 2015) leading to a biogeomorphic feedback that further reinforces
the variation in the dune line (Stallins and Parker, 2003; Duran and Moore, 2013). The sediment
transferred to the backbarrier through washover plays an important role in determining the
morphology of the backbarrier shoreline, and in maintaining island width. It is also possible to
have a regular variation in washover and dune heights alongshore in response to edge wave set
up or even infragravity resonance (Orford and Carter, 1984) that can be reinforced by subsequent
washover or blowout development (Jewell et al., 2014; 2017).
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The net result of the combined and in some cases inter-dependent coastal, aeolian, and
ecological processes on a barrier islands is a complex mosaic of topographic variation and

PT

features across a range of scales. On many barrier islands, small-scale variations in morphology

RI

associated with shoreface (>1000 m) and surf/swash processes (<1000 m) are superimposed on
a larger-scale variability associated with the framework geology that influences beach and dune

SC

morphology through variations in wave energy or sediment supply and texture (McNinch, 2004;

NU

Browder and McNinch, 2006; Houser and Matthew, 2011; Houser, 2012; Warner et al, 2014;
Wernette et al., in review). It is therefore, possible to interpret the evolution of a barrier island

MA

based purely on an analysis of scale-dependent topographic variation and relief features, but the
superposition of local-scale relief on mesoscale relief produces subtle relief features that are not

TE

D

readily visible upon examination of a digital elevation model using standard visualization or
statistical techniques. Visualization of subtle and overlapping features has traditionally been

AC
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accomplished through spectral or wavelet techniques (e.g. Houser et al., 2008) or higher-order
exploratory statistics including principal component analysis (PCA; Barrineau et al., 2016).
As recently demonstrated by Roy et al. (2015), the anisotropy, or directional dependence,
of topographic features can be used to assess the magnitude and orientation of past and present
processes across multiple length scales.

Specifically, they used topographic anisotropy of

valleys and ridges in a mountainous environment to determine the magnitude and orientation of
past and present tectonic strain fields. Surf, swash and aeolian landforms generate anisotropic
features (bars, beaches and dunes) that are or near perpendicular to the primary transport
direction, while extensive overwash (or barrier breakdown; Orford et al., 1991) can result in an
isotropic topography in the form of washover fans and terraces.

However, where there is

sluicing discrete overwash it is possible to develop anisotropic features that are perpendicular to
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the barrier and distinct from the anisotropy of the beach and dune (Orford et al., 1991)

This

suggests that topographic anisotropy can be used to link barrier island morphology to formative

The purpose of this short communication is to

RI

demonstrated in a coastal environment.

PT

process(es) on Santa Rosa Island in northwest Florida, but the technique has not been

determine whether topographic anisotropy can be used to identify scale-dependent features in

SC

coastal LiDAR data.

NU

Study Site

MA

This demonstration of topographic anisotropy in a coastal environment was completed on a
section of Santa Rosa Island in northwest Florida (Fig. 1). Santa Rosa Island is a narrow sandy

D

Holocene barrier island extending 96 km from East Pass near Destin to Pensacola Pass in the

TE

west. The focus of this study is a 2.5 km stretch of the island that was impacted by hurricanes
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Ivan (2004), Dennis (2005) and Katrina (2005). This area has also been the focus of numerous
previous studies of storm response and recovery within the Gulf Islands National Seashore (e.g.,
Houser et al., 2008; 2015; Houser and Hamilton, 2009; Claudino-Sales et al., 2010). The island
is fronted by a ridge and swale bathymetry that creates a coincident variation in beach and dune
morphology ranging from transverse bar and rip morphology and small discontinuous dunes
landward of the swales to longshore-bar and trough with relatively large dunes landward of the
offshore ridges that serve as an offshore source of sediment (see Short and Hesp, 1982; Hesp,
2002; Houser, 2009). A geological survey by Houser (2012) supported an earlier theory that the
ridge and swale topography may be a transgressive surface, representing a multi-scale feedback
of the response and recovery of the island to storms. In this respect, the variation in beach and
dune morphology exhibits a strong dependency on the framework geology (see Houser et al.,
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2008; 2011) in addition to the small-scale variations associated with coastal and aeolian

PT

processes during storm and post-storm recovery.

Methodology

RI

LiDAR and Bathymetry Data

SC

Topographic anisotropy was examined using light detection and ranging (LiDAR) data collected
by the US Geological Survey Center for Coastal and Watershed Studies before Hurricane Ivan

NU

(May 2004), a few months before the island experienced widespread erosion and overwash. The

MA

data are a product of the USACE and Optech Inc., which is more commonly known as the
Compact Hydrographic Airborne Rapid Total Survey (CHARTS). This system is a combination

D

of a 1000 Hz hydrographic sensor, a 10000 Hz topographic sensor, and an image sensor. The

TE

point spacing for the pre-Ivan data was ~0.3 m. All data were first converted from raw xyz data
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into ArcSDE feature classes. The raw point data were interpolated using inverse-distance
weighting (IDW) with the IDW power parameter set to four to decrease the influence of distant
points, and the search radius was limited to the closest eight points. The RMSE was 0.34 m.

Topographic Anisotropy

Scale-dependent topographic relief and asymmetry were assessed from the LiDAR-derived DEM
from May 2004. LiDAR and bathymetric data from Santa Rosa Island in Northwest Florida are
used to examine the directional dependence of the barrier system at a range of spatial scales and
azimuth intervals (5o) around each pixel. For each azimuth direction, we used the standard
deviation () of elevation values out to fixed transect distances to represent a low frequency
proxy of topographic relief. In this way, our scale-dependent analysis accounts for variations in
distance and direction. We then search over all azimuth directions to find the maximum and

6

ACCEPTED MANUSCRIPT
minimum relief to characterize topographic anisotropy. The degree of anisotropy (a) is computed
as the ratio of the maximum standard deviation (max) to the minimum standard deviation (min)

PT

from all azimuth angles at a given transect distance, such that:

RI

.

(1)

SC

The azimuth angles of the maximum and minimum relief for each pixel were also transformed to

NU

generate images that depict the orientation structure of the barrier island landscape (see Fig. 2).
This was accomplished by transforming these azimuth angles using the cosine functions for

MA

easier presentation of the orientations. This also permits classification of orientation structures
on the landscape, using pattern recognition approaches. The resulting geomorphometric

D

parameters (images) can then be visualized to examine the topographic anisotropy characteristics

TE

of the landscape. Topographic anisotropy patterns exhibit a unique orientation structural fabric
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that highlights multi-scale topographic variation caused by surface processes and events. The
resulting landscape fabrics allow for new interpretations of coastal environments that are not
possible in the field, and may not be possible with other spatial analysis approaches to landscape
interpretation.

Discussion of Results

This demonstration of scale-dependent topographic analysis was completed at discrete distances
of 125, 250, 500, 750 and 1000 m, closely corresponding to peak spectral and wavelet
frequencies in the alongshore variation in washover and 2004 dune height (see Houser et al.,
2008; Houser and Hamilton, 2009; Houser, 2012). The degree of anisotropy and the cosine of
the azimuthal orientation of minimum relief is presented in Fig. 3 for all distances. At the 1000
m scale (Fig. 3a), the island exhibits a strong degree of anisotropy along the seaward half of the
island where the morphology is dominated by beach and dune features (see Fig. 4). Strong
7
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anisotropy is, however, limited in the cross-shore at the cuspate headlands (widest sections of the
island), but extends towards the backbarrier shorelines in the narrow sections of the island

PT

between headlands where washover was observed during Hurricanes Opal, Erin and Ivan (see

RI

Houser et al., 2008). The orientation of the minimum relief exhibits a complex pattern that is
centered on the cuspate headlands (Fig. 3f), with minimum relief (the major axis of the ellipse;

SC

see Fig. 2) oriented alongshore in the area dominated by the beach, backshore and dune

NU

morphology. In the narrow sections of the island, the minimum relief structure exhibits a crossshore pattern in the narrow sections of the island that are dominated by washover during storms.

MA

Along the backbarrier shoreline on both the east and west side of the cuspate headland, the relief
structures associated revealed by the anisotropic orientation is consistent with a bi-directional

TE

D

alongshore transport and beach ridge development from the washover sediment deposited along
the backbarrier shoreline. This pattern is not visible in the original LiDAR data (see Fig. 1), and

AC
CE
P

is consistent with the evolution of the cuspate headlands described at this site by Houser (2012).
The bi-directional beach features on the landward side of the cuspate foreland are also
visible at the 750-m length scale (Fig. 3g), although these features extend across more than half
of the island. The orientation and extent of these minimum relief structures suggest that the
cuspate headland has largely accreted landward, perpendicular to the island and has not migrated
alongshore. Along the margins of the cuspate headland, the orientation of the minimum relief is
consistent with the alongshore variation in the overwash terraces observed at the 1000-m length
scale. This would suggest that the alongshore variation in washover, which is dependent on the
alongshore variation in foredune height, is a persistent feature of this island across scales. The
washover dominated features are also visible at 500 m (Fig. 3h), and begins to dominate over the
alongshore-oriented anisotropy associated with the foredune along the seaward side of the island.
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However, the minimum relief structure no longer visible at the 250-m length scale (Fig. 3i), and
is replaced by multiple orientations.

Anisotropy is only visible along the seaward and

PT

backbarrier shorelines, and the paved road through the center of the island. This pattern and the

RI

strong anisotropy of the road is also visible at the 125-m length scale (Fig. 3j).
The parabolic dunes present at the cuspate headlands (see Houser et al., 2008) exhibit

SC

strong multi-directional minimum relief patterns at the 250-m length scale (Fig. 3i). They are

NU

visible as the broad circles with a high degree of anisotropy at each cuspate headland. This is
characteristic of parabolic blowouts, in which the dune ridge, trailing arms and deflation basin

MA

that each have different orientations (Hesp, 2002; Jewell et al., 2014; 2017;). The strong degree
of anisotropy associated with the parabolic blowouts is also visible at 100 m, but the lack of

TE

D

these features at scales >500 m suggests that they are relatively small localized features. Smaller
multi-directional relief patterns are visible across the 125-m scale, and associated with small
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localized coppice dunes in the narrow sections of the island or remnant backbarrier dunes
laterally eroded by storm overwash (Fig. 3j). At these smaller scales the anisotropic orientation
highlights the small-scale cusp and horn beach morphology associated with the pre-dominant
transverse bar and rip morphology on the beach (Barrett and Houser, 2012). These small-scale
surf and swash zone processes are superimposed on the larger scale morphological structuring
resulting from the ridge and swale framework geology of the inner-shelf that is visible at the
larger scales.

Conclusions
The complex topography of Santa Rosa Island visible in the LiDAR DEM and the subtlety of
barrier island topography can make it difficult to interpret scale-dependent process-form
relationships. At scales previously identified as being associated with the framework geology
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(Houser et al., 2008; Houser and Hamilton, 2009; Houser, 2012), the topographic anisotropy
reveals cross-shore directed washover features in the narrow sections of the island and strong

PT

alongshore-directed dune morphology at the cuspate headlands. The bi-directional nature of the

RI

minimum relief structural patterns along the backbarrier shoreline is evidence of the cuspate
headland accreting landward in response to the alongshore transport and deposition of sediment

SC

deposited by washover through the narrow sections of the island. At scales associated with

NU

alongshore variations in the shoreface, the minimum relief structure reveals the alongshore
variation in washover that extends to the backbarrier shoreline in the narrow sections of the

MA

island and is limited in landward extent at the cuspate headlands. Superimposed on this
morphology are landforms consistent with small-scale aeolian, surf and swash zone processes.

TE

D

The ability to identify features associated with scale-dependent processes and/or controls
provides an opportunity to interpret LiDAR data, develop morphometric maps and guide field-

AC
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based sedimentological and geophysical investigations that typically depend on purpose
sampling. This approach also provides an opportunity to examine how barrier islands respond
to repeated storm events and sea level rise, with changes in topographic anisotropy representing
an early warning of a loss of island resiliency.
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Fig. 1. Map of Santa Rosa Island in northwest Florida, showing LiDAR DEM of the study area,
and oblique aerial photographs of the site before Hurricane Ivan in 2004.
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Fig. 2. Example of how topographic anisotropy is calculated from a LiDAR dataset. For clarity,
the example only shows azimuthal directions in 15o intervals (5o was used in the full analysis) for
3 length scales (L1, L2 and L3). Topographic variance is calculated along each azimuth for each
length scale independently, and the degree of anisotropy (a) is calculated from Equation 1 as the
ratio of the maximum variance to the minimum variance. Anisotropy orientation is based on the
direction of minimum variance and is presented in this example as an ellipse for each length
scale. The more defined the ellipse, the stronger the anisotropy, and the more round the ellipse
to more that the topography is isotropic at that scale. For example, Point 1 exhibits strong
topographic anisotropy at the largest scale (L3) and isotropy at the smallest scale (L1).
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Fig. 3. Degree of anisotropy (a-e) and azimuthal orientation of minimum relief (f-j).
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Fig. 4. LiDAR DEM overlain on a digital orthophoto showing key landforms referenced in text
and based on the interpretations of Houser (2012).
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Highlights
 Topographic anisotropy can identify unique scale-dependent structures
 Scale-dependent structures can be used to infer processes at those scales
 Anisotropy can be used to describe barrier island evolution
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